The uplift resistance is a key parameter against upheaval buckling in the design of a buried 1 pipeline. The mobilization of uplift resistance in dense sand is investigated in the present study based 2 on finite element (FE) analysis. The pre-peak hardening, post-peak softening, and density and 3 confining pressure dependent soil behaviour are implemented in FE analysis. The uplift resistance 4 mobilizes with progressive formation of shear bands. The vertical inclination of the shear band is 5 approximately equal to the maximum dilation angle at the peak and then decreases with upward 6 displacement. The force-displacement curves can be divided into three segments: pre-peak, quick 7 post-peak softening, and gradual reduction of resistance at large displacements. Simplified equations 8 are proposed for mobilization of uplift resistance. The results of FE analysis, simplified equations and 9 model tests are compared. The importance of post-peak degradation of uplift resistance to upheaval 10 buckling is discussed. 11
Introduction 12
Buried pipelines used for transporting oil usually operate at high temperature and pressure. 13
Temperature induced expansion, together with vertical out-of-straightness, might cause global 14 upheaval buckling (UHB). Field evidence suggests that significantly large vertical upward 15 displacement could occur in the buckled section and, in the worst cases, it might protrude above the 16 ground surface (Palmer et al. 2003) . For example, Aynbinder and Kamershtein (1982) showed that a 17 ~70 m section of a buried pipeline displaced vertically up to a maximum distance of ~4.2 m above 18 the ground surface. Sufficient restraint from the soil above the pipeline could prevent excessive 19 displacement and upheaval buckling. As burial is one of the main sources of pipeline installation cost, 20
proper estimation of soil resistance is necessary to select the burial depth-typically expressed as the 21 embedment ratio (̃ = H/D), where D is the diameter and H is the depth of the center of the pipe. 22
Pipelines embedded at 1 ≤̃≤ 4 in dense sand are the focus of the present study, although it is 23 understood that in some special scenarios ̃ could be outside this range, for example, for surface laid 24 tests ; White et al. 2008 ; Thusyanthan et al. 2010; Wang et al. 2010) . When the 50 peak uplift resistance mobilizes in medium to dense sand, two inclined symmetric slip planes form in 51 the backfill soil, starting from the springline of the pipe (White et al. 2008) . Although the slip planes 52 slightly curve outwards, their inclination to the vertical () is approximately equal to the peak dilation 53 angle (p). The vertical inclination of slip planes decrease with ̃, and they become almost vertical at 54 large ̃. A model test conducted by Huang et al. (2015) shows that  gradually increases in the pre-55 peak, reaches ~p at the peak Nv and then decreases in the post-peak zone. 56 PIV data provide very useful information on soil deformation patterns; however, the progressive 57 formation of shear bands in dense sand due to strain-softening can be better explained by using 58 numerical modelling techniques. More specifically, the post-peak reduction of Nv, as recommended 59 in DNV (2007), could be examined/revised, implementing an appropriate soil constitutive model that 60 can simulate the strain-softening behaviour of dense sand, change in  and cover depth with ̃. The also showed the importance of using PS strength parameters for pipe-soil interaction.
4
In addition to physical and numerical modelling, limit equilibrium and plasticity solutions have 74 also been proposed to calculate the normalized peak uplift resistance, Nvp (White et al. 2008; Merifield 75 et al. 2001 ). As soil in these solutions is constrained to satisfy normality (i.e.  =  = ), the plasticity 76 solutions give a more non-conservative uplift resistance than the limit equilibrium solutions with  = 77 p (< ) (White et al. 2008 ).
78
The objective of the present study is to conduct FE analysis to examine uplift behaviour of shallow 79 buried pipelines in dense sand (̃  4). An advanced soil constitutive model is adopted in FE analysis 80 to simulate not only the peak but also the post-peak uplift resistance. The FE model is validated 81 against a physical model test and numerical results. A set of empirical equations is proposed to 82 develop the uplift resistance versus displacement curve, including the post-peak degradation at large 83 displacements. Finally, conducting FE analysis for structural response, the importance of post-peak 84 uplift resistance on upheaval buckling is shown. 85
Modelling of Soil 86
The MohrCoulomb (MC) and a modified MohrCoulomb (MMC) models are used in this study. 87
In the MMC model,  and  vary with relative density (Dr), mean effective stress (p) and 88 accumulated plastic shear strain ( p ). The details of the MMC model, including the required 89 parameters and calibration against laboratory test data, are available in Roy et al. (2016) . The 90 mathematical equations are listed in Table 1 . 91
The novel aspects of the MMC model, compared to the models of similar type used in pipe-soil 92 interaction analysis (e.g. Jung et al. 2013; Pike 2016), is that the nonlinear variation of pre-and post-93 peak  and  with  p are defined with smooth transitions at the peak and critical state. This has a 94 considerable influence on the uplift force-displacement response of a buried pipeline because the size 95 of the failure wedge and soil resistance to upward movement of the pipe depend on  and . (2008) recognized a minimal influence of particle size on frictional characteristics of LB sands-the 152 peak and critical state friction angles are 52 and 32, respectively, for a coarse and a fine fraction of 153 LB sand. Furthermore, in Cheuk et al. (2008) , the force-displacement curves for the coarse and fine 154 fractions of LB sands are similar, including the peak and post-peak degradation. Therefore, in the 155 present study, the values of C1, C2 and m of LB sand are assumed to be the same as CF sand. Table 2  156 shows the geotechnical parameters used in FE analyses. 
158
Forcedisplacement behaviour 159 Figure 2 shows the FE simulated force-displacement curves for ̃ = 3, on which the points of 160 interest for further explanation are labeled A-E for the MMC and A-E for the MC model. Note that, 161 adaptive remeshing could not maintain a high quality mesh at a very large pipe displacement. 162 Therefore, the force-displacement curves only up to ̃ = 1.0 are presented in this study. For MMC, 163
Nv increases quickly and reaches the peak at ̃ ~ 0.03 and then quickly decreases to point C, primarily 164 due to the strain-softening behaviour of soil. After a slight increase between points C and D, Nv 165 decreases again at a slower rate than in the segment AC. In the present study, the segment AC of the 166
Nv-̃ curve is termed the "softening segment" and the segment after point C is called the "large 167 , where ̇ is the plastic 173 deviatoric strain rate tensor (Figs. 3(a)-3(e) ). At Nvp, plastic shear strain mainly develops locally in 174 an inclined shear band originating from the springline of the pipe; however, the shear band does not 175 reach the ground surface for formation of a complete slip mechanism (Fig. 3(a) ). The inclination of 176 the shear band to the vertical ( ) is obtained by drawing a line from the pipe surface through the 177 highly concentrated  p zone. White et al. (2008) suggested that  ~ p when the peak resistance is 178 mobilized. As p varies with p (see Table 1 ), they calculated a single representative value of the peak 179 dilation angle ( ) using the in-situ pat the springline of the pipe ((1+2K0)H/3). For the geotechnical 180 parameters listed in Table 2 ,  = 25, which is approximately the same as  obtained from the 181 present FE analysis ( Fig. 3(a) ). The complete slip mechanism develops at ṽ > ṽp when a considerable 182 post-peak degradation of Nv occurs (Fig. 3(b) ). Similar types of curved failure planes shown in The inclination of the shear band gradually reduces with ṽ, and at ṽ = 0.32,  ~ 8 (Fig. 3(c) ). = 1 +̃; = 1 +̃; ̃= (0.5% to 0.8%)̃ and ̃= 3̃. 243
The pre-peak behaviour is defined by a bi-linear relation, where the slope changes at (Nvp, ̃). 
12
The mobilized Nv after a quick post-peak reduction (i.e. Nvs), shown by the squares in Fig. 4,  266 increases with ̃. However, unlike ṽp, the displacement at Nvs (i.e. ṽs) increases with ̃. 267
Proposed Simplified Equations for Uplift Force-Displacement Curve 268
The solid lines in Fig. 4 show the proposed Nv-ṽ relation for simplified analysis, which is 269 comprised of a bilinear curve up to Nvs followed by a slightly nonlinear curve at large displacements. 270
Note that DNV (2007) recommended that Nv remains constant after Nvs (cf. Overestimation of Ws and  gives a higher Fvp in the LEM (Fvp_LEM) than FE simulation (Fvp_FE).
309
In order to investigate this effect, FE simulations are performed for a varying embedment ratio (̃ = 310 1-4), diameter (D = 100-500 mm) and relative density of dense sand (Dr = 80-90%). It is found that 311 change in Dr in this range has minimal influence on pipeline response because same, as IR = 4.0 at a low mean stress and high relative density (Bolton 1986 ), although  slightly 313 decreases with an increase in Dr (see first four equations in Table 1 ). Note that the proposed MMC 314 model should not be applicable to loose to medium dense sands, as it cannot capture the volumetric 315 compression due to shear. 316
Figure 6(b) shows that the reduction factor R (= Fvp_FE/Fvp_LEM) decreases with an increase in 317 embedment ratio, which is because of overestimation of Ws and  in the LEM as discussed above.
318
Moreover, R is almost independent of pipe diameter. The overestimation of uplift resistance in LEM 319 is significant at large embedment ratios-for example, the LEM calculates ~ 22% higher peak 320 resistance than FE calculated value for ̃ = 4. 321
Uplift resistance after initial softening 322
Similar to Eq. (3), a simplified equation is proposed for the uplift force after initial softening, Fvs 323 (Eq. (4)). At a large displacement, the failure planes reach the ground surface (Fig. 3(c) ) and therefore 324 R = 1 is used. As significant strain-softening occurs, ϕ′ along the slip planes reduces almost to 
′ . 325
Considerable ground surface heave occurs at this stage (Fig. 3(c) ), which increases with pipe 326 displacement and its maximum height above the pipe is smaller than v. At a large v, surface heave 327 occurs over a wider zone than the width of the soil wedge at the ground surface defined by  (<  ) 328 in the LEM. Based on this observation, the additional weight due to surface heave is calculated 329 assuming a trapezoidal soil wedge having slope angle  (  ′ ) and height 0.9v, as shown in Fig. 8 Although it is not noticeable in Fig. 4 , a very small increase in ṽp with ̃ is found, which can be 340 approximately represented as ̃= 0.002̃+ 0.025. However, a considerable increase in ṽs with ̃ 341 is found, which can be expressed as ̃s = 0.0035̃+ 0.1. However, one should not extrapolate these 342 empirical equations outside this range of ̃ (= 1-4) simulated in this study because the failure 343 mechanisms could be very different. For example, the pipeline will be partially embedded if ̃< 344 0.5. On the other hand, flow around mechanisms govern the response for large ̃. 345
FE results show that the ratio ̃/̃ is greater than 3, as recommended in DNV (2007), especially 346
for a large ̃. One potential reason is that, at a large ̃, the formation of the inclined shear band 347 continues even after the peak until it reaches the ground surface, which requires some additional 348 upward displacement of the pipe (Figs. 3(a) & 3(b) ). 349 The performance of the proposed simplified equations is explained further by plotting Fv against 368 (̃−̃) as in Fig. 8(a) . The calculated Nvs using Eq. (4) without surface heave is ~10% smaller than 369 obtained from FE analysis. The contribution of heave to Nvs increases with pipe displacement for 370 the range of ̃ simulated in this study. However, it is to be noted that downward movement of sand 371 particles and infilling the cavity below the pipe could slow down the formation of heave and even 372 reduce previously formed heave together with change in shape (trapezoid to triangular), especially 373 when the pipe moves closer to the ground surface, as observed in physical experiments (Schupp et al. 374 2006; Wang et al. 2012 ). In other words, the contribution of heave decreases at large displacements, 375 which is shown schematically by the dashed line (BC) in Fig. 8(c) . These processes could not be 376 simulated using the present numerical technique. Therefore, for structural response of the pipeline 377 presented in the following sections, the post-peak segment of the force-displacement curve is defined 378 by ABC (Fig. 8(c) ), where Fv at B is calculated using Eq. (4) without heave and it mobilizes at v = 379 vs. 380 Wang et al. (2012) showed that the post-peak segments of the uplift curves for loose sand for 381 varying burial depths tend to follow a backbone curve similar to Eq. (4). There is only one post-peak 382 segment in loose sand. However, an Fv-̃ curve for dense sand has two post-peak segments-a quick 383 reduction of Fv just after the peak, followed by the gradual reduction after ṽs. The force-displacement behaviour of soil is defined using three sets of nonlinear independent 402 spring formulations that do not consider load coupling or interaction (e.g. Kenny and Jukes, 2015) . 403
Comparison between simplified equations and FE results 350
For the modelling of upward resistance, two types of force-displacement relations are used. In Model-404 1, the Fv-v relation is defined as OABC as shown in Fig. 8(c) . Using Eqs. 
Conclusions 424
The uplift behaviour of buried pipeline in dense sand is investigated using finite element 425 modelling. The stress-strain behaviour of soil is modeled using a modified Mohr-Coulomb (MMC) 426 model, which considers the variation of angles of internal friction () and dilation () with plastic 427 shear strain, density and confining pressure, as observed in laboratory tests on dense sand. 
Strain-softening parameter
Plastic shear strain at  p ′ and p
Mobilized friction angle in Zone-II
Mobilized dilation angle in Zone-II
Mobilized friction angle in Zone-III
Mobilized dilation angle in ZoneIII
Note: Zone-I, -II and -III represent the elastic, pre-peak hardening, and post-peak softening of the stress-strain curve, respectively (see Fig. 1(b) ). Reduction factor for peak resistance, R D=100 mm D=300 mm D=500 mm 
